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IT IS KNOWN THAT, in some animals, an elevation in body temperature stimulates ventilation to increase evaporative heat loss for thermoregulation; this is the panting response (7, 26 -28, 34) . In humans, too, hyperthermia reportedly augments ventilation at rest and during exercise (5, 11, 15, 17, 18, 30, 36, 42) . Possible mechanisms for hyperthermia-induced hyperventilation in humans, as well as a physiological rationale, were previously proposed by White (41) ; however, neither the characteristics nor the mechanism of hyperthermia-induced hyperpnea in humans are well understood.
During submaximal dynamic exercise at 50% of peak O 2 uptake (V O 2peak ) in the heat, minute ventilation (V E) increases 5-10 l/min per 1°C rise in core temperature [measured as esophageal temperature (T es )] (10, 11, 17) . This hyperthermiainduced hyperventilation may lead to excessive elimination of CO 2 and a drop of arterial PCO 2 (Pa CO 2 ) (8 -11, 17, 30, 33, 41) .
Given that changes in Pa CO 2 influence V E via chemoreceptors and that there is a positive linear or curvilinear relationship between V E and PCO 2 (2, 6, 39, 40, 43) , we suggest that this hypocapnia suppresses the increase in V E. It is therefore possible that the reported ventilatory sensitivity to rising body temperature (the slope of regression line relating V E and core temperature) (10, 11, 17) has been underestimated. Recently, our group (9) examined the effect of hypocapnia induced by hyperthermic hyperventilation on the ventilatory response in resting, heated humans (9) . We found that restoration of end-tidal PCO 2 (PET CO 2 ) to the eucapnic level had no effect on V E. On the other hand, when Entin et al. (7) compared the ventilatory responses to tracheal insufflation of air or CO 2 during exercise in sheep, they found that insufflating CO 2 suppressed hypocapnia and augmented V E at any given rectal temperature. Because hyperthermic hyperventilatory responses are reportedly different at rest and during exercise (11) , i.e., there is greater chemosensitivity to CO 2 during exercise than at rest (40) , it is possible that the effect of hypocapnia is different at rest than during exercise. We therefore hypothesized that suppression of hypocapnia during exercise in the heat, for instance, by inhalation of hypercapnic air, could augment the ventilatory sensitivity to rising body temperature.
The purpose of the present study was to examine the degree to which ventilatory sensitivity to rising body temperature is altered by restoration of Pa CO 2 to eucapnic levels during exercise. To address this issue, we assessed ventilatory responses during exercise in the heat with and without inhalation of CO 2 -enriched air. In addition, we also assessed the cerebrovascular response, as changes in Pa CO 2 are known to influence the control of cerebral vessel contractility.
METHODS
Subjects. This study was approved by the Human Subjects Committee of the University of Tsukuba. Thirteen healthy subjects [10 men and 3 women, mean age: 23 Ϯ 2 (SD) yr, height: 169.5 Ϯ 7.0 cm, weight: 62.6 Ϯ 7.7 kg, V O2peak: 51.3 Ϯ 8.2 ml·kg Ϫ1 ·min Ϫ1 ] participated. All participants provided written informed consent. Before any data were collected, subjects were allowed to practice the cycle ergometer exercise they would be asked to perform during the experiments until they were accustomed to its style.
V O2peak test. Initially, V O2peak was determined during an incremental cycling exercise test to volitional fatigue. The exercise was performed on a cycle ergometer (818E, Monark) that had been customized for semirecumbent cycling. Exercise was started at 60 W for male subjects and 15 W for female subjects, after which the load was increased at a rate of 15 W/min throughout the entire exercise period. Subjects pedaled at 60 rpm, and volitional fatigue was defined as an inability to pedal at Ͼ50 rpm. Subjects breathed from a mask, which covered the mouth and nose (the inside volume of the mask was 80 ml). A mass-flow sensor (hot-wire type) and a gas sampling tube (the sampling volume rate was below 0.2 l/min) were connected to the mask, and the expired volume and gases were analyzed using an electric gas flowmeter and analyzer (AE300S, Minato Medical Science). The flowmeter was calibrated using an appurtenant calibration instrument that blew a fixed volume (2 liters) while the analyzer was calibrated using gases at known concentrations. V E, V O2, and CO2 output (V CO2) were calculated at 60-s intervals. V O2peak was taken as the highest value of V O2 achieved by a given subject, as some subjects did not achieve a plateau (even though the respiratory exchange rate exceeded 1.1 when V O2 reached the peak value). The V O2peak test was carried out in an environmental chamber maintained at 25°C and 50% relative humidity.
Experimental design. Subjects were asked to abstain from strenuous exercise, alcohol, and caffeine for 24 h before performing the exercise protocols. They were then asked to drink 10 ml water/kg body wt the night before the experiment and then again on the morning of the experiment. Each subject came to the laboratory after consuming only a light breakfast and then rested for 30 min sitting in a chair. During this time, a thermocouple was inserted via the nasal passage to a distance equivalent to one-fourth of the subject's height to measure T es. Thereafter, an ultrasound Doppler probe for measuring middle cerebral artery (MCA) blood flow velocity was attached to the head. The subject then voided urine and was weighed and moved to the environmental chamber, where s/he sat in a chair behind the ergometer to rest for 30 min. During this time, a heart rate (HR) monitor, thermocouples for measuring skin temperature, electrodes for electrocardiography, a cuff for measuring arterial blood pressure, and a mask for analyzing the inspired and expired volumes and gases were attached. Just before measurement, a mass-flow sensor and a gas sampling tube were connected to the mask. A three-way valve customized to add CO2 to the inspired air was connected to the distal end of a mass-flow sensor. Because the volume of the added CO2 varied depending on the exercise time so as to maintain a constant PaCO 2 , the CO2 concentration of the inspired air changed, and breathby-breath analysis of respiration was performed to obtain accurate respiratory data.
Subjects performed the cycle exercise at 50% of V O2peak in an environmental chamber maintained at 37°C and 50% relative humidity. The exercise was continued for 60 min or volitional exhaustion. Two experiments were conducted. In one experiment, subjects breathed CO2-enriched air (a mixture of room air ϩ 100% CO2) to prevent a reduction in PaCO 2 ; in the other experiment, they breathed room air. During the CO2-enriched air session, we manually added 100% CO2 to the inhaled air while monitoring PETCO 2 using a gas analyzer. The flow rate of the added CO2 varied depending on the subject and the time during the experiment. For each subject, the two experiments were carried out in random order and were separated by at least 3 days. Subjects were asked to consume similar diets for 24 h before each of the experiments, and no fluid was provided during either experiment.
Measurements. During the experiments, Tes and skin temperature data were collected via copper constantan thermocouples, which were recorded every 1 s using a data logger system (WE7000, Yokogawa) and averaged over 30-s periods. Measurements of skin temperature were collected at eight sites (the forehead, chest, back, upper arm, hand, thigh, calf, and foot) and used to calculate mean skin temperature (16) . HR was recorded every 5 s using a HR monitor (Vantage NV, Polar) and averaged over 30-s periods. Arterial blood pressure in the right brachial artery was taken every 1 min using an automated sphygmomanometer (STBP-780, Nippon Colin). Mean arterial blood pressure was taken as the diastolic pressure plus one-third of the pulse pressure. Inspired and expired gases were analyzed using the same analyzers used in the V O2peak test (see above). Blood velocity in the MCA was determined using the transcranial Doppler ultrasound technique (WAKI 1-TC, Atys Medical). A 2-MHz Doppler probe was secured with a customized headband to the left temporal region, and the signal was collected at a depth of 45-60 mm. MCA mean blood velocity (V mean) was estimated using a computer program developed with the aid of LabView (version 6.0, National Instruments). The processes used in the calculation of MCA Vmean were the same as those we used previously to measure Vmean in the femoral artery (see Ref. 20) . Ratings of perceived exertion were assessed every 5 min using Borg's scale.
Data analysis. V E, tidal volume (VT), respiratory frequency (fR), and ventilatory equivalents for V O2 (V E/V O2) and V CO2 (V E/V CO2) during the exercise were plotted as functions of Tes, and we took the slopes of the linear regression lines calculated by the method of least squares as indexes of the ventilatory response to the rise in body temperature. To exclude the fast component of V E kinetics, only data collected after minute 5 of exercise were analyzed. Moreover, we confirmed that the effects of exercise time and skin temperature on the ventilatory responses to the rise in T es were negligible (17). Although we did not directly evaluate PaCO 2 because we did not collect arterial blood samples, we estimated PaCO 2 from the equation of Jones et al. (21) (PaCO 2 estimated ). We evaluated cerebrovascular CO2 reactivity as the slope of regression lines relating PaCO 2 estimated and PETCO 2 to MCA Vmean using data for ⌬Tes ϭ 1.0°C obtained during two sessions.
All values are reported as means Ϯ SD. Two-way ANOVA was used to analyze the data. After the main effects had been identified, a post hoc least-significant-difference test was carried out. Paired t-tests were used to compare the slopes and intercepts of their linear regression lines calculated after V E, VT, fR, V E/V O2, and V E/V CO2 were plotted as functions of Tes between the two sessions. Values of P Ͻ 0.05 were considered significant.
RESULTS
Time-dependent changes. Just before the exercise was started, T es was 36.5 Ϯ 0.2°C in room air and 36.4 Ϯ 0.3°C in CO 2 -enriched air. T es increased during exercise, reaching 38.7 Ϯ 1.0°C in room air and 38.4 Ϯ 0.7°C in CO 2 -enriched air at minute 50 (Fig. 1A ). There were no significant differences between T es during the two sessions. HR also increased steadily during exercise under both conditions, and there was no significant difference between the sessions (Fig. 1B) . Mean arterial blood pressure was constant throughout the exercise protocol and did not significantly differ between sessions (Fig.  1C) . In three subjects, we were unable to measure MCA V mean in one or both of the sessions. As a result, we analyzed MCA V mean in only 10 subjects. MCA V mean time dependently declined in both sessions and did not significantly differ between sessions (Fig. 1D) .
V E increased steadily during exercise in both sessions, but the increase was greater in CO 2 -enriched air than room air ( Fig. 2A) . V T remained nearly constant during the room air session. On the other hand, V T gradually increased during exercise in CO 2 -enriched air. As a result, V T values were significantly higher in CO 2 -enriched air than in room air at minutes 30 -45 (Fig. 2B) . f R increased steadily during exercise in both sessions and did not significantly differ between sessions (Fig. 2C) . Pa CO 2 estimated declined steadily in room air but remained nearly constant in CO 2 -enriched (Fig. 2D) . Consequently, after minute 20, Pa CO 2 estimated was significantly lower in room air than CO 2 -enriched air. V O 2 and V CO 2 remained nearly constant during exercise in both sessions and did not significantly differ between sessions (Fig. 3) .
Ratings of perceived exertion increased continuously during exercise in both sessions and did not significantly differ between sessions. The mean exercise durations were 43 Ϯ 11 min in the room air and 46 Ϯ 12 min in CO 2 -enriched air, and body weight losses were 1.1 Ϯ 0.3 kg in room air and 1.1 Ϯ 0.4 kg in CO 2 -enriched air. These parameters did not significantly differ between sessions.
Changes from the start of inhalation of CO 2 -enriched air.
and V E/V CO 2 plotted against the changes in T es (⌬T es ). ⌬T es was measured from the time that subjects began inhaling hypercapnic air, and the value at ⌬T es ϭ 0°C was 37.2 Ϯ 0.4°C in both sessions. In the plot of %MCA V mean versus ⌬T es , the relation is shown from the point that ⌬T es ϭ 0°C, at which time %MCA V mean was assigned a value of 100%. Only data from subjects whose ⌬T es reached a level of Ն1.0°C were analyzed. As a result, we analyzed Pa CO 2 , V E, V T , f R , V E/V O 2 , and V E/V CO 2 in 12 subjects and analyzed %MCA V mean in 9 subjects.
In room air, Pa CO 2 estimated values declined gradually as ⌬T es increased, and were significantly lower at ⌬T es Ն 0.4°C than at ⌬T es ϭ 0°C. On the other hand, Pa CO 2 estimated remained nearly constant throughout the CO 2 -enriched air session. Moreover, Pa CO 2 estimated values in room air were significantly lower than in CO 2 -enriched air at ⌬T es Ն 0.7°C (Fig. 4A) . %MCA V mean also declined as ⌬T es increased. %MCA V mean values were significantly lower at ⌬T es Ն 0.5°C than at ⌬T es ϭ 0°C in both sessions. %MCA V mean values obtained in the two sessions also differed from each other at ⌬T es ϭ 1.1 and Ն1.3°C (Fig. 4B) .
V E increased with increases in ⌬T es in both sessions, and V E values in CO 2 -enriched air were significantly higher than in room air at ⌬T es Ն 0.7°C (Fig. 5A ). V T gradually rose as ⌬T es increased in CO 2 -enriched air and gradually declined as ⌬T es increased in room air, although these changes were not significant. As a result, V T values in CO 2 -enriched air were significantly higher than in room air at ⌬T es ϭ 0.3ϳ0.5 and 0.7ϳ1.4°C (Fig. 5B) . f R increased with increases in ⌬T es in both sessions, and f R values in CO 2 -enriched air were significantly higher than in room air at ⌬T es ϭ 1.2, 1.4, and 1.5°C (Fig. 5C) . V E/V O 2 and V E/V CO 2 increased with increases in ⌬T es in both sessions. The values of both V E/V O 2 and V E/V CO 2 were significantly higher in CO 2 -enriched air than in room air at ⌬T es Ն 0.6°C (Fig. 6) .
To assess the changes of ventilatory responses, we plotted V E, V T , f R , V E/V O 2 , and V E/V CO 2 as functions of ⌬T es (Table 1) . To optimize accuracy, we only analyzed the data from subjects whose ⌬T es was Ն 1.0°C. We found significant differences between room air and CO 2 -enriched air sessions for the slopes of the regression lines relating V E, V T , V E/V O 2 , and V E/V CO 2 to ⌬T es , and there were also significant differences in the intercepts of the V T regression line. The slope and intercept of the regression line relating f R to ⌬T es tended to differ between room air and CO 2 -enriched air sessions (P Ͻ 0.1).
Finally, the slopes of the regression lines relating Pa CO 2 estimated to MCA V mean and PET CO 2 to MCA V mean were 2.34 Ϯ 4.92 and 1.62 Ϯ 3.98%/mmHg, respectively. We also calculated ⌬V Eto-⌬Pa CO 2 estimated ratios using data from two sessions at ⌬T es ϭ 0.7 and 1.1°C and found them to significantly differ (1.66 Ϯ 2.84 vs. 4.85 Ϯ 4.03 l·min
, P Ͻ 0.05).
DISCUSSION
The major findings of the present study are that the ventilatory sensitivity to rising T es during submaximal dynamic exercise in CO 2 -enriched air was approximately three times greater than in room air and that the increase in V E was accompanied by increases in V T and f R . The observation that the ventilatory response is augmented by breathing CO 2 -enriched air is not a surprising finding; however, this is the first observation that restoration of Pa CO 2 to a nearly eucapnic level during hyperthermic hyperventilation augments the ventilatory sensitivity to rising body temperature about threefold [this is not the index known as the hypercapnia ventilatory response (2, 6, 39, 40) ].
Ventilatory sensitivity to rising body temperature. It is known that increases in Pa CO 2 strongly stimulate increases in V E via central chemoreceptors in the medulla oblongata (43) . Moreover, V E reportedly increases linearly with increases in Pa CO 2 (2, 6, 39, 40, 43) . We suggest that this increase in V E is attenuated by reductions in Pa CO 2 , as was seen in the room air session; moreover, inhalation of hypercapnic air to suppress the decline of Pa CO 2 mitigated the attenuation of the increase in V E. In the present study, V E increased 8.9 l/min per 1°C rise in T es in room air, but V E increased 19.8 l/min per 1°C rise in T es in CO 2 -enriched air. Similarly, V E/V O 2 and V E/V CO 2 increased 2.6 and 3.4 units per 1°C rise in T es in room air but increased 7.4 and 7.6 units per 1°C rise in T es in CO 2 -enriched air. This suggests that hypocapnia caused by hyperthermia-induced hyperventilation attenuates the ventilatory sensitivity to rising body temperature by one-half to two-thirds during exercise.
In the present study, the increase in V E caused by breathing CO 2 -enriched air was accompanied by increases in V T and f R . It has previously been reported that the increase in V E induced by breathing hypercapnic air was caused by an increase in V T in both humans (1, 6, 39) and animals (7, 26 -28) . Babb (1) examined the ventilatory response elicited by inhalation of 3% CO 2 during exercise in humans and reported that V T and V E values were higher at the ventilatory threshold when subjects breathed 3% CO 2 than when they breathed room air. In addition, Duffin et al. (6) and Vovk et al. (39) examined the chemoreflex ventilatory response to CO 2 in humans and reported that V T increased with rising PET CO 2 in the range of PET CO 2 ϭ 40 -50 mmHg. Similar results have been reported in animals. Maskrey and Nicol (28) and Maskrey and Jennings (27) reported that breathing 6% or 6.5% CO 2 during heat exposure augmented V E and V T in resting rabbits and dogs, and Entin et al. (7) reported that insufflating 1-3 l/min of 100% CO 2 augmented V E and V T in sheep during exercise at 50% of maximal V O 2 (V O 2 max ). Maskrey et al. (26) also examined the effect of changing Pa CO 2 on respiration in heat-stressed sheep and reported that V T was higher in normocapnic sheep than in hypocapnic sheep. The results of the present study are consistent with these previous findings. Moreover, we found f R to be greater when subjects breathed CO 2 -enriched air than when they breathed room air at ⌬T es Ն 1.2°C. In animals, however, Values are means Ϯ SD; n ϭ 12 subjects. V E, minute ventilation; VT, tidal volume; fR, respiratory frequency; V E/V O2, ventilatory equivalent for O2 uptake; V E/V CO2, ventilatory equivalent for CO2 output. *P Ͻ 0.05, room air vs. CO2-enriched air; †P Ͻ 0.1. breathing CO 2 induced greater V E and V T and lower f R both at rest (26 -28) and during exercise (7) . This suggests the responses to breathing CO 2 differ somewhat between humans and animals. Maskrey and Nicol (28) suggested that the increase in V E caused by increasing V T reflects the direct action of CO 2 on the medullary respiratory center to remove excess CO 2 , whereas the increase in V E caused by increasing f R reflects the rise in body temperature and the effort to increase respiratory evaporative heat loss (3). We therefore hypothesized that f R increases when breathing CO 2 -enriched air because the thermal effect on frequency control is augmented by eucapnia and that V T reaches a plateau during exercise. Gallagher et al. (12) reported that during incremental exercise, ventilation initially increased through increases in both V T and f R , but above 61.4% of V O 2 max , further increases in ventilation were almost completely due to increases in f R , and a plateau in V T was seen. Given that exercise intensity in the present study (50% of V O 2peak ) was close to the intensity at which V T plateaus, we suggest that increases in V T may have been inhibited, leading to increases in f R .
Our group (9) recently reported that restoration of PET CO 2 to the eucapnic level had no effect on V E, V T , or f R in resting, heated humans. We suggested that the reason that the ventilatory response did not change was that the resting Pa CO 2 level was lower than the Pa CO 2 threshold for an increase in V E. The PCO 2 threshold for hyperpnea at rest is reportedly ϳ40 -50 mmHg, although there are differences among individuals (2, 6, 39). However, the eucapnic level was nearly the same in this and our previous study, and Pa CO 2 was lower than 50 mmHg during the present experiments. It is therefore possible that the Pa CO 2 threshold is higher at rest than during exercise or that the Pa CO 2 level during exercise in CO 2 -enriched air is higher than the Pa CO 2 threshold in the subjects in this study. Furthermore, Weil et al. (40) showed that the chemosensitivity to CO 2 during mild exercise (ϳ35% of V O 2 max ) was greater than at rest, and our present results show that chemosensitivity to CO 2 evaluated based on the ⌬V E-to-⌬Pa CO 2 estimated ratio increased from 1.66 Ϯ 2.84 l·min Ϫ1 ·mmHg Ϫ1 at ⌬T es ϭ 0.7°C to 4.85 Ϯ 4.03 l·min Ϫ1 ·mmHg Ϫ1 at ⌬T es ϭ 1.1°C (P Ͻ 0.05). It is therefore plausible that chemosensitivity to CO 2 is greater during exercise than during rest and is increased further by increases in body temperature. This resulted in an approximately threefold increase in ventilatory sensitivity to rising body temperature when Pa CO 2 was restored to nearly eucapnic levels during exercise.
It has been shown that there is a core temperature threshold for hyperthermia when subjects are at rest (5, 11) or engaged in incremental exercise from rest to exhaustion (36, 42) . On the other hand, during constant workload exercise at 50% of V O 2peak , ventilation increases with increasing core temperature without a core temperature threshold (10, 11, 17, 18) . Our group previously compared the hyperthermic ventilatory responses of subjects at rest and during constant workload exercise at 50% of V O 2peak . We found that the ventilatory sensitivity to rising body temperature was significantly greater at rest than during exercise above the T es threshold seen at rest. Furthermore, we (9) reported that restoration of PET CO 2 to the eucapnic level had no effect on V E in resting heated humans. On the other hand, we found that restoration of Pa CO 2 to the eucapnic level augmented V E in exercising heated humans in the present study. Thus, the ventilatory sensitivity to body temperatures above a core temperature threshold during submaximal exercise may be lower than at rest, due in part to a hypocapnic effect mediated via central chemoreceptors.
The cerebrovascular response. We observed that decreases in %MCA V mean were attenuated when subjects breathed hypercapnic air during exercise. Given that there is a linear relationship between Pa CO 2 (PET CO 2 ) and cerebral blood flow (cerebral blood velocity) (8, 25, 33, 39) , we suggest that the attenuated reduction in %MCA V mean seen when subjects breathed CO 2 -enriched air was caused by suppression of the reduction in Pa CO 2 .
We also found that %MCA V mean values at ⌬T es Ն 0.5°C were significantly lower than at ⌬T es ϭ 0°C during the CO 2 -enriched air sessions. When Nybo and Nielsen (30) examined the ventilatory and cerebrovascular responses during prolonged exercise at 57% of V O 2 max in hot (40°C) and thermoneutral (18°C) environments, they observed that T es and V E increased, whereas PET CO 2 and MCA V mean decreased, during exercise in the heat. They also found that the extent of the reduction in MCA V mean was diminished by correcting the value using cerebrovascular CO 2 reactivity, although MCA V mean was not completely restored to the values seen in the thermoneutral trial. They suggested that MCA V mean was not completely restored because cardiac output and/or arterial blood pressure were reduced in the hot environment. In that regard, it is known that cerebral blood flow is maintained constant at mean arterial blood pressures ranging from 60 to 150 mmHg due to cerebral autoregulation (22) . In the present study, mean arterial blood pressure was always well within the autoregulation range and remained constant throughout the experiment. Thus, a change in mean arterial blood pressure would not have contributed to the observed reduction in MCA V mean . On the other hand, it is possible that cardiac output was reduced in the present study. We did not measure cardiac output, but it may be that cardiac output was reduced during the latter part of exercise due to dehydration (14) , as the subjects took in no water during exercise and body weight losses were 1.1 kg in both sessions. In addition, the carotid artery is reportedly constricted by local heating in vitro, which would also reduce cerebral blood flow (29) . This has not been tested in vivo, however.
It is known that hyperthermia is a potent activator of sympathetic nerve activity (35) and that muscle sympathetic nerve activity is enhanced by whole body heating in humans (24). Ogoh et al. (31) reported that cerebral autoregulation is impaired by ␣ 1 -adrenoreceptor blockade (Prazosin) and suggested that cerebral vasoconstriction is mediated by sympathetic nerve activity. We therefore suggest that reduction of cardiac output or hyperthermia-induced cerebral vasoconstriction is a contributing factor to the observed lower %MCA V mean in subjects breathing CO 2 -enriched air.
Previously, our group examined cerebrovascular responses in humans resting in the heat. We found that when subjects inhaled hypercapnic air to restore PET CO 2 to a thermoneutral level during hyperthermia, MCA V mean values were partially (Ͻ40%) restored toward the eucapnic level (9) . Similarly, when Brothers et al. (4) investigated the effect of hypocapnia on cerebral blood flow in resting, heated humans, they found that breathing hypercapnic air restored MCA V mean and cerebrovascular conductance by ϳ50%. During exercise, restoration of Pa CO 2 to the eucapnic level also did not fully restore MCA V mean , but it was restored by ϳ70% in the present study.
On the other hand, Rasmussen et al. (33) reported that restoration of Pa CO 2 to the eucapnic level during exercise at 67% of V O 2 max in the heat (40°C) fully restored MCA V mean . It is presently unclear why there is this discrepancy between our study and that of Rasmussen et al. In either case, however, the results suggest that the degree of MCA V mean restoration during exercise is greater than at rest. This difference may reflect a difference in cerebrovascular CO 2 reactivity. Rasmussen et al. (33) examined the relationship between MCA V mean and Pa CO 2 at rest and during exercise at 67% of V O 2 max under normothermic conditions (20°C) and in the heat (40°C). They found that exercise significantly augmented cerebrovascular CO 2 reactivity, which was further augmented by a rise in body temperature. In contrast, Fan et al. (8) and Low et al. (25) showed that increasing body temperature did not increase cerebrovascular CO 2 reactivity under resting conditions. Consistent with Rasmussen et al.'s findings, Ogoh et al. (32) showed that cerebrovascular CO 2 reactivity during normothermic exercise (V O 2 : 1.0 l/min) was greater than during normothermic rest. Furthermore, cerebrovascular CO 2 reactivity (MCA V mean -PET CO 2 relationship) in the present study (i.e., during exercise) was greater than in our previous study [i.e., during rest (9)] (1.62 vs. 1.11%/mmHg). We therefore suggest that cerebrovascular CO 2 reactivity increases to a greater degree during exercise with hyperthermia than during rest with hyperthermia (although it was not measured). It is this difference in CO 2 reactivity that underlies the difference in the degree of MCA V mean restoration after Pa CO 2 restoration in resting and exercising subjects.
Limitations. We manually added CO 2 to the inspired air to maintain Pa CO 2 during the CO 2 -enriched air session. Consequently, in some subjects, Pa CO 2 estimated did not remain completely constant throughout the experiment, especially during the latter part of the exercise. This was because the rise in T es led to marked increases V E during the latter part of the exercise, which necessitated the addition of large amounts of CO 2 to maintain Pa CO 2 and increased the likelihood of error: sometimes the amount of CO 2 added was a little too large or too small.
We measured MCA blood velocity as an index of cerebral blood flow. The transcranial Doppler ultrasound technique enables the measurement of only blood velocity; therefore, the data are not actual blood flow and could be potentially misleading. For example, even if MCA V mean is kept constant, cerebral blood flow can be reduced by changing MCA diameter. It has been demonstrated, however, that the MCA crosssectional area is unaffected by hyperventilation (PET CO 2 was reduced to 24 -27 mmHg) (37, 38) . In the present study, Pa CO 2 was reduced to ϳ37 mmHg. We therefore suggest that MCA diameter did not change during our experiments. Moreover, it has been reported that the changes in MCA V mean seen during submaximal dynamic exercise are similar to the changes in cerebral blood flow measured using other techniques (19, 23) and that the regulation of cerebral blood flow takes place in the smaller arteries of the brain (13) . We therefore suggest MCA V mean provides a valid index of cerebral blood flow.
Conclusions. In summary, we investigated the effect of Pa CO 2 on ventilatory sensitivity to rising body temperature during prolonged exercise at 50% of V O 2peak in the heat with and without inhalation of CO 2 -enriched air. We found that breathing CO 2 -enriched air during prolonged exercise attenuated the reduction in Pa CO 2 and augmented the rates of increase in V E, V T , V E/V O 2 , and V E/V CO 2 per 1°C rise in T es . These effects reflected an augmented ventilatory sensitivity to rising body temperature that was associated with increases in V T and f R . This means that during exercise in the heat, restoration of Pa CO 2 to the eucapnic level increases ventilatory sensitivity to rising body temperature around threefold, which suggests that increases in body temperature potently increase V E during hyperthermic hyperventilation in humans performing submaximal dynamic exercise.
